Abstract: Sickle cell disease (SCD) is one of the most common inherited blood disorders globally. It is a grouping of autosomal recessive genetic disorders identified by a genetic mutation that replaces glutamic acid with valine at the sixth amino acid on the hemoglobin β-globin chain. Millions of people around the world live with a severe genotype of SCD that is often associated with occlusion of the microvasculature resulting in episodes of severe pain and multiple organ system dysfunction. These episodes, commonly categorized as vasoocclusive crises (VOC), are a distinctive clinical presentation of SCD which represents the majority of SCD morbidity and associated hospitalizations. Though the complete process by which these crises occur is complex and not fully outlined, evidence reveals this process to be multifactorial and heterocellular. For nearly two decades, hydroxyurea was the only FDAapproved therapy for SCD. Evidence to date shows that hydroxyurea treatment significantly reduces the rate of VOC, hospitalizations, and mortality. Despite these benefits, adherence remains problematic due to a variety of adverse effects and interpatient variability connected with hydroxyurea therapy. Crizanlizumab, an adhesion inhibitor of sickled red blood cells, was recently granted breakthrough therapy designation. Results of a phase 2 study have reported a successful reduction in annual rates of vaso-occlusive crisis with a favorable safety profile. This paper reviews the available literature concerning crizanlizumab use in patients with SCD.
Introduction
Sickle cell disease (SCD) is one of the most common autosomal recessive genetic disorders globally. 1, 2 Worldwide, an estimated 20-25 million people live with homozygous SCD (HbS/S). Approximately 300,000 infants are born annually with HbS/S. Areas with a high prevalence of malaria such as sub-Saharan Africa, the Mediterranean basin, Middle East, and India tend to have higher populations of patients affected with SCD. [2] [3] [4] Within the United States, approximately 100,000
people have SCD accounting for more than 110,000 sickle cell-related hospitalizations annually. 3, 5, 6 SCD is a collection of autosomal recessive genetic disorders denoted by the presence of the sickle hemoglobin (HbS) allele, a genetic mutation resultant of a substitution in the sixth amino glutamic acid with valine on the β-globin chain. 1, 4, 5, [7] [8] [9] Genotypes of SCD vary based on homozygous and heterozygous inheritance of the HbS allele. 2, 3 Homozygous SCD (HbS/S), which is the inheritance of one copy of HbS from each parent, is the most common form of SCD. 1, 9 Heterozygous forms, conditions in which a copy of HbS combines with a copy of another globin mutation such as hemoglobin C (HbS/C), hemoglobin D (HbS/D), hemoglobin E (HbS/E), or hemoglobin β-thalassemia (HbS/β + or β 0 -thalassemia), are other genetic variations of SCD that can occur. 1, 4, 9 Severe clinical complications are generally associated with HbS/S and HbS/β 0 -thalassemia genotypes. 10 All of the SCD genotypes produce enough HbS for the development of sickle-shaped cells due to cell damage that occurs as a result of polymerization of HbS when deoxygenated. 3, 8, 9 However, there is no connection between the presence of sickle-shaped cells and the clinical severity of the disease. 9, 11, 12 The acute presentation of SCD is often associated with occlusion of the microvasculature resulting in episodes of severe pain, acute chest syndrome, hepatic and splenic sequestration, and priapism. 13 These episodes, commonly categorized as vaso-occlusive crises (VOC), is a hallmark clinical presentation of SCD which represents the majority of SCD morbidity and associated hospitalizations. 5, 14 Though the entire mechanism by which these crises occur is complex and not fully explained, evidence reveals this process to be multifactorial and heterocellular. 8, 15 Studies have shown that complex interactions between receptors on erythrocytes in combination with other blood cells and abnormal endothelial interactions can lead to obstruction of the vasculature. 4, 8, 11, 12, 15, 16 Postcapillary adhesion of low-density sickle cells and reticulocytes to the endothelium secondarily traps older abnormally shaped dense sickle cells causing decreased blood flow and cellular movement through the microvasculature. 12, 15 These vascular endothelium interactions can lead to upregulation of endothelial adhesive molecules such as E-selectin and P-selectin. 15 Another factor that contributes to VOC development is the adhesion of heterocellularly formed combinations of leukocytes and dense sickled cells to the endothelium. 8, 12, 15 These interactions may precipitate local hypoxia which can lead to increased endothelial cell surface expression of P-selectin, increased formation of HbS molecules, and subsequent VOC generation. 8, 12, 15, 17 Other potential VOC triggers are increased circulation of inflammatory cytokines, neutrophil movement through gap junctions of the endothelium which contribute to inflammation of the microvasculature, and dysregulation of nitric oxide (NO). 8, 15, 16 Crizanlizumab Crizanlizumab, a humanized monoclonal antibody, inhibits adhesion of sickled red blood cells by binding to P-selectin and preventing interaction with P-selectin glycoprotein ligand 1. 13 Dosing of crizanlizumab is currently weightbased and must be administered as a 30-min intravenous infusion. The safety and efficacy of crizanlizumab in SCD was evaluated in a single, multi-center, randomized, placebo-controlled phase 2 study. There were 198 participants between 16 and 65 years of age, with a history of 2-10 sickle cell crises in the 12 months prior to enrollment. Those receiving hydroxyurea prior to enrollment were required to have received at least 6 months of continuous therapy, with their dose being stable for the last 3 months.
Participants not previously receiving hydroxyurea were not allowed initiation of the drug during the study period.
Patients receiving long-term red blood cell transfusion therapy were excluded.
4,13
Study participants were randomized into three groups: high-dose crizanlizumab (5 mg/kg), low-dose crizanlizumab (2.5 mg/kg), and placebo. All participants received a loading dose of the drug or placebo in two divided doses, 2 weeks apart. Maintenance dosing was then administered every 4 weeks for 50 weeks, for a total of 14 doses. The primary efficacy endpoint of the study was the annual rate of sickle cell pain crises, defined as VOCs resulting in a visit to a medical facility and requiring treatment with oral or parenteral narcotic analgesics or with parenteral nonsteroidal anti-inflammatory agents. Secondary efficacy endpoints included the annual rate of days hospitalized, times to first and second VOC, and the annual rate of uncomplicated VOC (defined as a crisis other than acute chest syndrome, hepatic sequestration, splenic sequestration, or priapism). 13 Patients were enrolled between August 2013 through January 2015 from over 60 sites in the United States, Brazil, and Jamaica. Of the 198 patients randomized, only 129 completed the trial. Following the 52-week treatment phase, the median crisis rate per year was 1.63 in the high-dose group compared with 2.98 in the placebo group, accounting for a 45.3% lower rate in the intention-to-treat population (P=0.01). Likewise, when comparing the perprotocol population, the median crisis rate per year was 1.04 in the high-dose group and 2.18 in the placebo group, indicating a statistically significant 52.3% lower rate. There was no significance found when comparing the low-dose group to placebo in either the intention-to-treat or per-protocol population. 13 Of the patients randomized to high-dose crizanlizumab, 63% received concomitant hydroxyurea. Similarly, 62% of the placebo group also received hydroxyurea. The median annual crisis rate in this subgroup was 2.43 in the highdose crizanlizumab group and 3.58 in the placebo group which was a 32% lower rate. In those not receiving concomitant hydroxyurea, median annual crisis rates were 1.00 and 2.00, respectively, which was a 50% lower rate in the high-dose group. When stratifying patients based on the number of crises in the 12 months prior to study enrollment, 63% of the patients in both groups had 2 to 4 crises, while the remaining 37% had 5 to 10 crises. In the 2-4 crises subgroup, the annual crisis rate was 43% lower in the high-dose group compared to placebo. In the 5-10 crises sub-group, the rates were 1.97 and 5.32, respectively, which was a 63% lower rate in the high-dose group. Similar results were also found when groups were stratified based on SCD genotype. Forty-seven patients in each group had the genotype HbS/S, the median yearly crises rates were 1.97 for high-dose and 3.01 for placebo. Those expressing other genotypes had a 50.5% lower median crisis rate compared to placebo. 13 There were no significant differences in median rate of days hospitalized (P=0.45). The time to first crisis was significantly longer in the high-dose group at 4.07 months compared to 1.38 months with placebo (P=0.001). Time to second crisis was also longer at 10.32 months versus 5.09 months, respectively (P=0.02). When comparing low-dose crizanlizumab to placebo, there was no difference reported for any secondary endpoints. The incidence of complicated crises in the trial were rare with a median rate of 0.00 for all groups. The rate of uncomplicated crisis was 62.5% lower in the high-dose group compared with placebo (P=0.02). Patient quality of life scores based on the Brief Pain Inventory questionnaire reported no significant changes from baseline. 13 The two most serious adverse effects seen with crizanlizumab were pyrexia (2 patients in the high-dose group) and influenza (3 patients in the low-dose group). Common adverse effects occurring in at least 10% of the patients receiving crizanlizumab included arthralgia, back pain, diarrhea, headache, musculoskeletal pain, nausea, vomiting, upper and lower extremity pain, urinary and upper respiratory tract infections, fever, pruritus, and chest pain. Five patients died during the study period. Two patients in the high-dose group died from sepsis and endocarditis, respectively. In the low-dose group, one patient died from a combination of acute chest syndrome, aspiration, respiratory failure, and progressive vascular congestion. Also, two patients receiving placebo died during the study. One suffered from right ventricular failure, while the other suffered from VOC, ischemic stroke, coma, sepsis, and venous thrombosis of the right lower limb. There were no significant differences observed in any measurable variables related to hemolysis between groups. 13 Yu and colleagues, upon evaluating the study, questioned the lack of synergistic effect when hydroxyurea was combined with high-dose crizanlizumab. 18 Patients in the high-dose group receiving hydroxyurea had a 32.1% lower median rate than placebo while those with no hydroxyurea had a 50% difference. 18 When used as monotherapy, hydroxyurea has been shown to reduce median annual rates of pain crisis by 44% primarily through increases in HbF levels in red blood cells. [18] [19] [20] [21] Since crizanlizumab inhibits cell adhesion via P-selectin inhibition, additional reduction in the annual rate of VOCs is expected. However, the level of reduction of VOCs in patients receiving hydroxyurea was greater in the low-dose crizanlizumab group (44.1% lower median rate than placebo), as compared to the 32.1% rate with the high-dose group, suggesting there may be a concentration-related interaction leading to the reduced effect. 13, 18 Ataga and colleagues, while emphasizing that the trial was not designed to detect differences between subgroups, acknowledge that patients with more clinically severe disease were more likely to have received hydroxyurea therapy, potentially influencing the results. 13, 18, 22 Kutlar and colleagues provide a more in-depth analysis of subgroups from the SUSTAIN study population comparing only high-dose crizanlizumab to placebo. 23 When considering patients with 2-4 VOC events in the year prior to study enrollment, crizanlizumab-treated patients were 1.67 times more likely to be VOC event-free at 52 weeks (40.5% vs 24.4%, respectively). In those with 5-10 VOC events prior to enrollment, crizanlizumab-treated patients were 6.7 times more likely to be VOC event-free at 52 weeks (28% vs 4.2%, respectively). Similar results were found when comparing SCD genotypes. In patients with HbS/S, those receiving crizanlizumab were 1.9 times more likely to be VOC event-free at 52 weeks (31.9% vs 17%, respectively). Likewise, in those with non-HbS/S genotypes, 45% of the crizanlizumab-treated patients were VOC event-free at study completion compared with 16.7% in the placebo group. 23 When considering both hydroxyurea use and the number of VOC events prior to study enrollment, crizanlizumab was also superior to placebo. Patients with 2-4 VOC events prior to enrollment and hydroxyurea use were 1.76 times more likely to be VOC event-free at 52 weeks with crizanlizumab treatment (44% vs 25%, respectively). In the 5-10 VOC plus hydroxyurea group, 17.6% of crizanlizumabtreated patients were event-free compared to 6.3% receiving placebo. Crizanlizumab also significantly delayed median time to first VOC in each subgroup evaluated. In those with 2-4 VOC events prior to study initiation, median time to first event was 4.76 months in the treatment group compared to 1.61 months for placebo. Similarly, in the 5-10 VOC event subgroup, median time to first event was 2.43 months and 1.03 months, respectively. Patients with the HbS/S genotype treated with crizanlizumab had a median time to first VOC of 4.07 months compared to 1.12 months for placebo. In those with non-HbS/S genotypes, median time to first event was 6.90 months and 3.09 months, respectively. Similarly, median time to first VOC event was significantly longer in crizanlizumab-treated patients irrespective of concomitant hydroxyurea use (2.43 vs 1.15 in hydroxyurea treated patients; 5.68 vs 2.86 in non-hydroxyurea patients). 23 This analysis of subgroups further supports the efficacy of crizanlizumab in patients with varying severities of SCD, genotypes, and hydroxyurea utilization. While there remains a question as to whether low-dose crizanlizumab would be more beneficial than high-dose treatment in patients stable on hydroxyurea, the existing data support the use of high-dose treatment in all presentations of SCD. 23 
Conclusion
Between 1998 and 2017, hydroxyurea was the only FDAapproved therapy for SCD. 4 By increasing both fetal hemoglobin concentrations in erythrocytes and circulating NO levels, hydroxyurea treatment significantly reduces the rate of VOC, subsequent hospitalizations, and mortality in a range of patients. 5, 21, 24 Despite these benefits, adherence remains problematic. Adverse effects such as bone marrow suppression, large inter-patient variability in pharmacokinetics and pharmacodynamics, and variations in the maximum tolerable dose are all obstacles clinicians must face with initiating therapy. 24 With VOCs being the major contributing factor to hospitalizations and reduced patient quality of life, greater understanding of the pathophysiology of VOC is essential. Adhesion interactions triggered by inflammation or hemolysis, release of reactive oxidants secondary to ischemic episodes, platelet and complement activation all contribute to vascular obstruction. 25 Studies involving various agents targeting each of these areas have been conducted over the past decade with sporadic results. The results of this recent crizanlizumab study are encouraging, displaying consistent benefit in the prevention of VOCs in diverse patient groups. There are more studies underway, addressing the pharmacokinetics of the drug, along with its utilization in specific patient groups (Table 1) . In January 2019, the United States Food and Drug Administration granted crizanlizumab Breakthrough Therapy designation for the prevention of VOCs in SCD. 30 This designation applies to all genotypes of SCD and indicates that crizanlizumab demonstrates substantial improvement over existing therapies on at least one efficacy endpoint based on the available preliminary clinical evidence. 30 Though still awaiting approval, crizanlizumab may be a vital component of therapy for the prevention of VOC in SCD patients.
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